I. INTRODUCTION

P
EROVSKITE oxides, such as La-doped Pb(Zr x Ti 1−x )O 3 [1] - [3] , have shown photovoltaic (PV) responses. The PV effects of ferroelectric films depend on interface and dielectric permittivity of electrodes [2] . Theoretical analysis suggests that power-conversion efficiencies (η) in ferroelectric materials are in the range 10 −4 %-10 −2 % due to the short lifetime of photo-induced carriers [4] . [3] .
Multiferroic BiFeO 3 (BFO) possesses a G-type antiferromagnetic order with a spatially modulated spin structure [5] . Recent studies of multiferroic BFO have shown PV effects and photoconductivity with potential for applications [6] - [18] . The maximum power-conversion efficiencies (η) in Au/polycrystalline BFO/Pt [10] , indium tin oxide (ITO)/polycrystalline BFO/Pt films [10] , and graphene/polycrystalline BFO/Pt films [11] are, respectively, 0.005%, 0.125% at I ∼ 4.5 W/m 2 and 0.0025% at I ∼ 10 3 W/m 2 .
The PV mechanisms of ferroelectric and multiferroic materials have not been well understood. Various PV mechanisms have been proposed for BFO films and single crystals, including asymmetric ferroelectric PV effect [1] , [12] , domainwall model [13] , and p-n junction model [18] . The recent first-principle calculation demonstrated that shift current is the dominant mechanism of the bulk PV effects in [19] . BFO and ITO films have shown p-and n-type semiconduction with carrier densities of n p ∼ 10 23 and n n ∼ 10 26 -10 27 m −3 , respectively [18] , [20] , [21] . The recent PV studies in the ITO/BFO ceramic/Au structure showed dependences on BFO thickness and illumination wavelength [22] . The photo-induced electricity can be attributed to photo-excited carriers in the depletion region between BFO ceramic and ITO film [22] . The electric properties of (Bi 1−x Ca x )FeO 3−δ ceramics are sensitive to the oxygen pressure during synthesis and the conductivity can change from p-type semiconduction to a high level of ion conduction [23] . A p-n junction could be formed in Ca-doped BFO films by oxygen vacancy movement under an electric field [24] . The dried mixture was calcined at 800°C for 3 h and was then pressed into a disk for sintering at 830°C (10 h) for BFO and 925°C (3 h) for BFO-15%Ca. Au and ITO films (∼500 nm) were deposited on samples by the dc sputtering. The thickness of samples is t = 0.2 mm. Two diode continuous-wave lasers of λ = 405 and 445 nm were used for PV measurements. The laser beam was incident perpendicular to the surface with ITO film. For power-conversion efficiency (η), an adjustable load resistance was used to obtain the relation of current and voltage of the load, as shown in See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. III. RESULTS AND DISCUSSION Fig. 2 shows the open-circuit voltage (V oc ) and shortcircuit current density (J sc ) as the laser was switched on and off. The illuminated V oc and J sc are plotted in Fig. 3 . The illumination of λ = 405 nm (E ph ∼ 3.06 eV) induces stronger PV responses compared with λ = 445 nm (E ph ∼ 2.78 eV). The weaker PV responses under λ = 445 nm is due to smaller photon energy. The optical bandgap of BFO film is E ph ∼ 2.74 eV [7] , [17] . For λ = 405 nm, V oc and J sc can reach 0.62 V and 0.042 A/m 2 for BFO, and 0.48 V and 0.30 A/m 2 for BFO-15%Ca at I ∼ 9.1 × 10 2 W/m 2 . These values are comparable with V oc ∼ 0.44 V and J sc ∼ 0.25 A/m 2 at I ∼ 1 × 10 3 W/m 2 reported in graphene/polycrystalline BFO/Pt films [11] .
II. EXPERIMENTAL PROCEDURE
To understand the illuminated V oc and J sc , we consider a heterojunction consisting of an n-type ITO film and a p-type BFO ceramic. The open-circuit voltage step across this p-n junction is assumed to be −U o without illumination. Under illumination, electron-hole pairs will be generated and decrease the depletion-region width. The decreased depletion-region width will lower the retarding voltage step 
and correspondingly change the −U o voltage step to −U (I ).
The measured open-circuit voltage V oc can be described by
The total current density J includes three contributions. Two come from considering the junction as a diode that has forward and reverse current contributions [25] . The forward current is independent of illumination, but the reverse current depends on the decrease in the depletion-region width caused by illumination. The third contribution comes from the photo-excitation.
The first contribution is the forward p-n junction current density j f from minority carriers that flow across the junction without hindrance because the field favors their flow. We call it forward current because it has the same sign as the photocurrent, but diode literature calls it reverse current. This forward current has hole and electron contributions
where q is the hole charge, D p is the hole diffusion constant, P n is the carrier concentration of holes in the n-type region, L p is their diffusion length, and corresponding definitions apply to D n , N p , and L n . Here, j o is the well-known diode saturation current density.
The second contribution to J is the reverse p-n junction current density j r from majority carriers near the depletion region that have enough thermal energy to jump across the voltage barrier. From the standard model [25] for p-n diodes, and noting that these hole and electron contributions are negative, we have
The sum −( j f + j r ) from (2) and (3) is the well-known diode voltage-current characteristic expressed in our notation, and vanishes as it should for no illumination because then U = U o . The third contribution is the photo-excited current density j p . The light intensity is assumed to decay mainly in the BFO-side depletion region (the energy gap in the ITO exceeds the photon energy) with a general form of I (z) = I exp(−z/β), where β is the attenuation length for which β d p . Thus, the absorbed intensity I a in the depletion region can be estimated by I a = I d p /β. The creation rate of electron-hole pairs is estimated to be I a /(hc/λ). Then, j p is given by
In the ITO-side depletion region (−d n < x < 0), the net charge density ρ n = qn n comes from the ionized donors, which have donated electrons to the conduction band. Similarly, in the depletion region (0 < x < d p ) of BFO side, ρ p = qn p comes from the acceptors, which have accepted electrons from the valence band. Using 1-D Gauss' Law in the region −d n < x < 0, the position-dependent E field is
Then, the total contribution from the n-type ITO and p-type BFO sides to −U is
where ε o is the vacuum permittivity and ε p and ε n are the dielectric permittivities of ceramics and ITO film. The requirement that there is no net charge in the depletion region, gives
The carrier density n n ∼ 10 26 -10 27 m −3 of the n-type ITO film is much larger than n p ∼ 10 23 m −3 of the p-type BFO film [18] . Therefore, d n in the ITO side is much less than d p in the ceramic side. d p can be designated as simply d. Then, (3) yields
For the open-circuit case (J = 0), we use 
Then, the intensity-dependent D oc = d oc /d o can be obtained from
Next, the V oc can be obtained using (1) and (7)
For the short-circuit case (V = 0), the emf driving J sc through an areaspecific resistance R A is U o − U sc . Then, J sc can be described by Here, R A = RS and R = R s + R l . R s and R l are the source and load resistances. S is the illuminated area. From modification of (9) and
We subtract (11) from (12) and use (12) and (13) .
The solid lines in Fig. 3 are fits of V oc and J sc for λ = 405 and 445 nm using (9)- (13) with parameters in Fig. 3(a) . The experimental results and theoretical fits agree well with reasonable physical parameters. j o may appear small but it does allow for a reverse current, which significantly reduces the short-circuit current density, and minimizing such reduction is a consideration for p-n junction devices.
The dielectric permittivities of BFO and BFO-15%Ca ceramics at room temperature are ε p ∼ 50 [26] and ε p ∼ 170 for measuring frequency f = 1 MHz. Assume that the carrier densities of BFO and BFO-15%Ca are similar to n p ∼ 10 23 m −3 of the p-type BFO film [18] . From (7),
, the unilluminated depletion-region widths are d o ∼ 210 nm in BFO and d o ∼ 340 nm in BFO-15%Ca, which are consistent with the depletion layer (a few hundred nanometers) between ITO and BFO films [18] . Based on fitted parameters in Fig. 3(a) , the optical attenuation length (β = qd o λ/hcα j o ) is ∼ 2.0 mm for λ = 405 nm in BFO. The β values in BFO-15%Ca are ∼ 0.3 mm for λ = 405 nm and ∼ 6 cm for λ = 445 nm. The calculated β values consider only for absorption caused by electron-hole creation, and are much larger than actual values, because of other absorptions and dissipation mechanisms, such as internal reflection by grain boundaries and charge recombination. These factors may cause fitting deviations in V oc at low illumination, as observed in Fig. 3(a) . Fig. 4 shows the ratios of depletion-region widths of 
